ACh from parasympathetic nerves. Although both purinergic and muscarinic pathways are important to contraction, their relative contributions and signalling mechanisms are not well understood. Here, the contributions of each pathway to urinary bladder contraction and the underlying electrical and Ca 2+ signalling events were examined in UBSM strips from wild type mice and mice deficient in P2X1 receptors (P2X1 −/− ) before and after pharmacological inhibition of purinergic and muscarinic receptors. Electrical field stimulation was used to excite parasympathetic nerves to increase action potentials, Ca 2+ flash frequency, and force. Loss of P2X1 function not only eliminated action potentials and Ca 2+ flashes during stimulation, but it also led to a significant increase in Ca 2+ flashes following stimulation and a corresponding increase in the force transient. Block of muscarinic receptors did not affect action potentials or Ca 2+ flashes during stimulation, but prevented them following stimulation. These findings indicate that nerve excitation leads to rapid engagement of smooth muscle P2X1 receptors to increase action potentials (Ca 2+ flashes) during stimulation, and a delayed increase in excitability in response to muscarinic receptor activation. Together, purinergic and muscarinic stimulation shape the time course of force transients. Furthermore, this study reveals a novel inhibitory effect of P2X1 receptor activation on subsequent increases in muscarinic-driven excitability and force generation.
Introduction
Voiding of urine from the urinary bladder is caused by the activation of parasympathetic nerves and the co-release of the neurotransmitters ATP and ACh to cause contraction of the urinary bladder smooth muscle (UBSM) (Burnstock, 2009) . ATP activates P2X1 receptor (P2X1R) channels in the UBSM membrane to cause the depolarizing influx of Ca 2+ and Na + , measured as local purinergic Ca 2+ transients (Heppner et al. 2005 ) that cause an excitatory junction potential (Hashitani et al. 2000; Young et al. 2008) . The slower, metabotropic cholinergic response is mediated by activation of G-protein-coupled muscarinic receptor subtypes M 2 and M 3 (Andersson & Arner, 2004) . M 3 receptors are thought to play the dominant role in generating contractile force (Matsui et al. 2000; Yamanishi et al. 2000; Fetscher et al. 2002) . M 3 receptors are coupled to G q/11 , which activates J Physiol 587.21 phosphoinositide hydrolysis and Ca 2+ mobilization through InsP 3 receptors located on the sarcoplasmic reticulum (Iacovou et al. 1990 ). In addition, Ca 2+ entry through L-type voltage-dependent Ca 2+ channels and the Rho-kinase pathway appear to be involved in contraction (Abrams & Andersson, 2007) .
The relative contributions of purinergic and muscarinic pathways to UB contraction appear to vary depending on species and disease states (Andersson, 2003) . For example, purinergic signalling becomes more prominent in human UB with interstitial cystitis or partial outlet obstruction (Palea et al. 1993; Bayliss et al. 1999; O'Reilly et al. 2001) . However, in many cases, the contributions of the two pathways have been assessed by measuring the effects of receptor inhibitors on peak force generation, assuming independence of pathway action. The purinergic pathway plays a greater role at lower stimulation frequencies (Werner et al. 2007) . Given the different temporal aspects of purinergic and muscarinic actions and overlapping mechanisms, this may be an inappropriate assumption.
The translation of excitatory nerve impulses through purinergic and muscarinic pathways to urinary bladder contraction is not well understood. It is, however, clear that purinergic and muscarinic signalling pathways increase Ca 2+ levels and cell excitability through different mechanisms. The binding of ACh and ATP to their receptors induces a variety of unique Ca 2+ signals in the detrusor smooth muscle. ATP release from nerve varicosities activates nearby P2X1 receptors to cause local Ca 2+ transients in UBSM (Heppner et al. 2005) which are similar to junctional Ca 2+ transients in mesenteric arteries (Lamont & Wier, 2002; Lamont et al. 2003) and neuroeffector Ca 2+ transients in vas deferens (Brain et al. 2002 (Brain et al. , 2003 . Muscarinic receptor activation leads to InsP 3 -mediated Ca 2+ waves (Iino, 1990; Iino et al. 1993; Ji et al. 2004; McCarron et al. 2004) . Increases in excitability can be monitored as Ca 2+ flashes, which reflect Ca 2+ entry through L-type voltage-dependent Ca 2+ channels during an action potential (Klockner & Isenberg, 1985; Heppner et al. 2005; Balemba et al. 2006) .
In this study we examined the contribution of purinergic and muscarinic signalling to urinary bladder contraction as well as the underlying Ca 2+ events that initiate force generation. We measured force, membrane potential and examined Ca 2+ events (Ca 2+ flashes and Ca 2+ waves) evoked by nerve stimulation with purinergic and muscarinic receptor inhibition in normal and in mice that are deficient in the P2X1 receptor subtype (P2X1 −/− ). P2X1 receptors mediate purinergic signalling in urinary bladder smooth muscle (Vial & Evans, 2000) . We found that the purinergic-driven increases in UBSM excitability precede the muscarinic effects, and that inhibition or loss of P2X1Rs leads to an increase in muscarinic excitability and force generation. We have identified a novel postsynaptic interaction of purinergic and muscarinic signalling to modulate nerve-evoked force and Ca 2+ events in urinary bladder smooth muscle, such that purinergic activation acts to decrease the response to muscarinic stimulation.
Methods

Ethical approval
All animal procedures comply with the policies and regulations pertaining to animal research (Drummond, 2009 ) and were conducted according to the Guide for the Care and Use of Laboratory Animals (USA) and approved by the Office of Animal Care Management at the University of Vermont. Adult male mice (C57Bl6) and P2X1-deficient (P2X1 −/− ) mice were killed by pentobarbital sodium followed by thoracotomy or decapitation. A total of 56 mice including 11 P2X1 −/− mice were used in this study. The urinary bladder was quickly removed and placed in cold Hepes-buffered solution. For Ca 2+ imaging or electrophysiology, thin UBSM strips were removed from the serosal surface, and for myography the UBSM layer was dissected free of the urothelium and suburothelium. All experiments were conducted at 35-37
• C in a bicarbonate-buffered physiological salt solution (PSS), continuously bubbled with 95% oxygen and 5% carbon dioxide.
Myography
Force measurements were performed and analysed as in prior publications (Herrera et al. 2005; Werner et al. 2007) . Briefly, force production of strips (8 strips per bladder; 2-3 mm wide and 5-7 mm long) in response to electrical field stimulation (EFS) was measured using a MyoMed myograph (MED Associates, Georgia, VT, USA). Frequency-response curves were created by measuring the EFS-induced contraction amplitude at stimulus frequencies of 0.5, 2, 3.5, 5, 7.5, 10, 12.5, 15, 20, 30, 40 and 50 Hz. To investigate EFS-induced force kinetics, the rate of rise (peak force divided by the time from beginning of the contraction to the peak amplitude), the rate of decay (peak force divided by the time from the peak amplitude to the return to baseline), duration of force transient (half-width, duration of the force transient at 50% of the maximum amplitude) were measured, and the area under the curve (AUC) determined as the integral of the force transient 10% above baseline.
Pulse amplitude was 20 V, and polarity was reversed for alternating pulses. Pulse width was 0.2 ms, and stimulus duration was 2 s. Stimuli were applied every 3 min using a model PHM-152V stimulator (MED Associates). After the first frequency-response curve was generated, the UBSM strips were washed 3 times. Fifteen minutes after the final wash pharmacological compounds were added directly to the tissue bath. Strips were incubated in the presence of the compounds for 15 min, and then a second frequency-response curve was generated using the same EFS parameters.
Ca
2+ imaging and analysis
Thin strips of detrusor were pinned to small Sylgard blocks and placed in a chamber specially designed to maintain constant flow and to measure rapid Ca 2+ responses. To allow fresh, oxygenated PSS to reach the tissue, thin spacers (0.2 mm) were placed on either side of the tissue strip to elevate the tissue and Sylgard block off the chamber bottom. The tissue was superfused (1-2 ml min −1 ). Drugs were dissolved in the superfusing PSS and applied for at least 10 min prior to image acquisition unless otherwise indicated.
Ca 2+ events were imaged with a laser scanning confocal microscope (Oz; Noran Instruments) attached to a Nikon diaphot microscope. A Nikon ×60 water immersion objective (NA 1.2) was used to visualize the tissue. Images were acquired using a software package (Prairie Technologies, Inc., Middleton, WI, USA) controlled by an OZ-PC workstation. To visualize Ca 2+ events in UBSM, the tissue was placed in a Hepes solution containing the Ca 2+ -sensitive fluorescent dye, fluo-4 AM (10 μM) (Invitrogen, Eugene, OR, USA) and Pluronic F-127 (2.5 μg ml −1 ; Invitrogen, Eugene, OR, USA). To facilitate loading of the dye, the tissue was kept in the dark for 60-90 min at 21-23
• C followed by a wash in normal Hepes-buffered solution (21-23
• C) before placing the tissue in PSS. A krypton-argon laser was used to excite fluo-4 (488 nm) and the emitted light was captured at wavelengths >500 nm. The acquisition rate for most experiments was 53 images s −1 (one image every 18.9 ms). The size of the field was 131 μm × 131 μm (250 pixels × 250 pixels). The nerves in the strip were excited with platinum electrodes placed in the recording chamber which were attached to the output of the stimulus isolation unit of a Grass S44 stimulator. Voltages used to evoke Ca 2+ transients ranged from 100 to 140 V. A train of stimuli was applied for 1 s at a frequency of 10-30 Hz, using a 0.2 ms pulse duration. Individual Ca 2+ flashes could be most easily detected at a frequency of 10 Hz, and this frequency was used to quantify events during a stimulus train. Image analysis was conducted offline using customized software written in our laboratory (Dr. Adrian Bonev).
Each experiment consisted of a 25-30 s recording from the same field during which a 1 s stimulus train (10-30 Hz) was applied. The same field was used before and after drug treatment to allow us to measure Ca 2+ events in the same UBSM bundle. One to three files were recorded under control conditions and after drug application. The time interval between each file was at least 5 min.
Electrophysiology
Thin strips of detrusor containing a single layer of smooth muscle were pinned to the Sylgard bottom of a recording chamber and superfused (3 ml min −1 ) with oxygenated PSS. Individual smooth muscle cells were impaled with sharp electrodes filled with 0.5 M KCl having a resistance of 200 ± 25 M . The acquisition rate was 2 kHz and the signal was amplified with an Axoclamp 2A amplifier (Axon Instruments/Molecular Devices, CA, USA). Data were recorded and analysed using pClamp software (Axon Instruments/Molecular Devices). To evoke action potentials, the parasympathetic nerve fibres were stimulated by EFS via platinum electrodes on either side of the tissue. Stimuli were generated by a Grass S44 stimulator and delivered for 1 s at a frequency of 20 Hz. The duration of a single pulse was 0.2 ms (18-145 V). Inhibitors of purinergic or muscarinic receptors were added to the superfusing PSS and the tissue was allowed to incubate for at least 10 min.
Solutions and drugs
UBSM strips were removed from the urinary bladder in Hepes solution with the following composition (mM): NaCl, 134; KCl, 6; MgCl 2 , 1; CaCl 2 , 2; Hepes, 10; glucose, 10; (pH 7.4). NaOH was used to adjust the pH of Hepes solutions. PSS had the following composition (in mM): NaCl, 119; KCl, 4.7; NaHCO 3 , 23.8; KH 2 PO 4 , 1.2; CaCl 2 , 1.6; MgCl 2 , 1.2, EDTA, 0.023; and glucose, 11.0 (pH 7.4). PSS was continuously bubbled with 95% O 2 -5% CO 2 . Atropine, α,β-methylene ATP (α,β-meATP) and suramin were obtained from Sigma-Aldrich (St Louis, MO, USA).
Statistics
Data are expressed as mean ± S.E.M. (n) refers to the number of events or the number of preparations as indicated in the text. To determine significance, the appropriate Student's t test (paired or unpaired) was performed on the raw data. Significance was determined at P ≤ 0.05.
Results
Contributions of purinergic and muscarinic signalling to urinary bladder contractions
Urinary bladder smooth muscle (UBSM) contraction is caused by the co-release of ATP and ACh from parasympathetic nerve varicosities. ATP and ACh activate J Physiol 587.21 two distinct excitatory pathways: the purinergic pathway mediated through purinergic (P2X1) receptor channels and the cholinergic pathway mediated through muscarinic receptors. Contributions of purinergic and muscarinic signalling to urinary bladder contractile responses have often been estimated by the reduction in nerve-evoked peak force to purinergic and muscarinic receptor inhibitors. To study the contribution of each pathway to the generation of force, contractions were recorded from mouse bladder strips using electrical field stimulation (EFS) with stimulating frequencies from 0.5-50 Hz. Force measurements under control conditions showed a frequency-dependent increase in amplitude illustrated in Fig. 1Aa and b) . It has been previously demonstrated that inhibition of muscarinic and purinergic receptors by atropine and α,β-meATP, respectively, completely inhibits nerve-evoked contractions of UB strips from mouse (Takeuchi et al. 2008) . To study the contribution of muscarinic activation to force, muscarinic receptors were inhibited by atropine ( Fig. 1Aa -Ca). Atropine reduced peak force by 50-60% at stimulating frequencies ≥ 20 Hz ( Fig. 1Aa and Ba). However, peak force does not provide a full view of force generation during the entire evoked transient. To measure total force, the force integral or area under the curve (AUC) was determined. The AUC indicated that the muscarinic component contributed ∼50-70% of total force at frequencies ≥ 20 Hz (Fig. 1Ca) . In the absence of P2X1 receptors, atropine nearly abolished The contribution of each pathway to total force is labelled in black and the putative contribution of the blocked pathway is shown in grey (Ca-Cd). * P < 0.05. n, number of strips from 3-6 animals.
nerve-evoked force in UBSM strips from P2X1 −/− mice ( Fig. 1Ac -Cc) demonstrating that contraction is dependent on purinergic and muscarinic signalling.
Based on the above results with muscarinic receptor block, it was expected that inhibition of purinergic receptors with α,β-meATP and suramin would reduce AUC and peak amplitude by 30-50% at higher frequencies. However, inhibition of purinergic receptors only reduced peak force amplitudes at lower frequencies (≤ 20 Hz) ( Fig. 1Ab and Bb). Even more striking was the lack of effect of purinergic receptor inhibition on the AUC at all frequencies (Fig. 1Cb) . Since the stimulus strength was unchanged, this indicates that the force generated by the muscarinic pathway increased significantly in response to purinergic receptor inhibition. One possible explanation for the increased muscarinic component is that purinergic signals inhibit muscarinic responses. α,β-meATP and suramin had no effect on nerve-evoked force of UBSM strips from P2X1R −/− mice ( Fig. 1Ad-Cd) , indicating that the actions of these drugs requires functional P2X1Rs (Vial & Evans, 2000) . P2X1 −/− mice lack purinergic signalling and must rely entirely on muscarinic signalling for bladder contraction. A significant difference in contraction amplitude (10 Hz) between WT and P2X1 −/− mice was found when normalized to carbachol contractions (Vial & Evans, 2000) . We also found a significant difference in force (10 Hz) when the data were normalized to 60 mM K + contractions (0.88 ± 0.05, n = 34 strips WT; 0.63 ± 0.04, n = 38 strips P2X1 −/− ; P < 0.05). Inhibition of muscarinic receptors caused similar reductions in peak force and AUC ( Fig. 1Ba and Ca). However, purinergic inhibition caused a significant reduction in peak force, but did not affect AUC ( Fig. 1Bb and Cb) suggesting a significant increase in the duration of the force transient. This possibility was studied by measuring contraction kinetics (rate of rise and rate of decay as well as durations of force transient) in the absence of functional purinergic receptors using UBSM strips from WT and P2X1 −/− mice (Fig. 2) . The rate of increase in force to EFS is relatively fast compared to the rate of decay. Purinergic inhibition with α,β-meATP-suramin significantly slowed the rate of rise at all frequencies ( Fig. 2A and Aa). This is consistent with the idea that purinergic signalling is rapid and contributes significantly to the initial rise in force (Gitterman & Evans, 2001; Lamont et al. 2003) . The rate of decay was significantly decreased and the half-width of the force transients was significantly elevated at lower frequencies in WT ( Fig. 2A , Ab and Ac). However, in P2X1 −/− mice the rate of rise was similar to WT ( Fig. 2B and Ba) and may reflect compensatory mechanisms during development. The rate of decay was decreased at lower frequencies and the duration of force transients was significantly elevated at all frequencies in UBSM strips from P2X1 −/− mice, compared to WT (Fig. 2B , Bb and Bc). These results are consistent with the idea that P2X1 receptor activation leads to a rapid increase in excitability and Ca 2+ entry, and suppresses subsequent muscarinic effects.
Temporal contributions of purinergicand muscarinic-driven excitability
In guinea pig, it has been previously shown that nerve excitation causes a purinergic-driven increase in action potentials during excitation and subsequent elevation of action potentials caused by muscarinic mechanisms (Hashitani et al. 2000) . Here, we examined this relationship in UBSM strips from mice. The membrane potential and action potentials were recorded from mouse smooth muscle cells in urinary bladder strips, using sharp microelectrodes. The resting membrane potential was −43.1 ± 1.3 mV (n = 14 preparations) in PSS. Action potentials occurred spontaneously or could be evoked with EFS. Using a 20 Hz (1 s duration) stimulus train, action potentials were evoked within several hundred milliseconds of the beginning of stimulation and would often continue after stimulation was stopped (Fig. 3) .
To study the contribution of purinergic signalling to evoked action potentials, muscarinic receptors were blocked by atropine (10 μM). In paired experiments, muscarinic receptor block did not significantly change the membrane potential measured ∼10 min after the addition of atropine. Membrane potential in control was −37.3 ± 1.7 mV, and with muscarinic block −35.5 ± 1.5 mV (n = 5 preparations). Atropine had no effect on action potential frequency during stimulation, but it completely blocked evoked action potentials after stimulation (Fig. 3A and C) . The contribution of muscarinic signalling to evoked action potentials was studied by inactivating purinergic receptors by the addition of α,β-meATP. In paired experiments, purinergic block did not significantly change the membrane potential measured ∼10 min after the addition of α,β−meATP. Membrane potential in control was −45.3 ± 2.9 mV, and with purinergic block −45.6 ± 2.9 mV (n = 6 preparations). In contrast to inhibition of muscarinic receptors, inactivation of purinergic receptors prevented action potential generation during stimulation, but did not affect the elevation in action potential number following stimulation ( Fig. 3B and C) . Inhibition of purinergic receptors increased the time to first EFS-induced action potentials (Fig. 3D) . Thus, purinergic signalling underlies the rapid onset of action potentials during EFS whereas muscarinic signalling increases action potential generation following EFS. (Klockner & Isenberg, 1985; Heppner et al. 2005; Balemba et al. 2006) . In addition to Ca 2+ flashes, Ca 2+ waves were also detected in smooth muscle cells in UB strips. In contrast to Ca 2+ flashes, which are very rapid and cause a nearly simultaneous increase in Ca 2+ throughout the muscle cell, Ca 2+ waves are much slower events that are characterized by a slower rise time and an increase in Ca 2+ that travels as a visible wave through the smooth muscle cell (range of 42.9 to 177.5 μm s −1 with a mean value of 92.9 ± 12.8 μm s −1 ; n = 12 Ca 2+ waves from 4 preparations). Ca 2+ flashes were easily distinguished from Ca 2+ waves by their >4-fold faster rise time. The 10-90% rise time for Ca 2+ flashes was 52.9 ± 1.9 ms (n = 36 flashes from 4 preparations) compared with 253.8 ± 33.7 ms for Ca 2+ waves (n = 20 waves from 4 preparations). 
Nerve stimulation evokes Ca 2+ flashes
To study Ca 2+ events in response to EFS, stimuli were applied at 10 Hz for 1 s and the temporal relationship between stimulation and the frequency of Ca 2+ flashes was determined. To quantify Ca 2+ flashes during stimulation, a stimulating frequency of 10 Hz was used. Higher stimulating frequencies would often evoke a sustained elevation in intracellular Ca 2+ , making it difficult to accurately detect individual flashes during EFS. Figure 4 illustrates the nerve-evoked Ca 2+ responses of different smooth muscle cells in the field of view. EFS induced an increase in Ca 2+ flash activity. When EFS was stopped, Ca 2+ flashes in a given cell either: (1) continued for a short period of time, (2) stopped altogether, or (3) redeveloped following a brief pause of 1-2 s. This second episode of Ca 2+ flash activity continued for 6-8 s ( Fig. 4A and C) in most cells but could last up to 16 s before decreasing to pre-EFS levels. The number of Ca 2+ flashes following stimulation increased with an elevation of EFS frequency ( Fig. 4D-F) . The mean peak of Ca 2+ flash activity after stimulation occurred about 5 s after EFS for each stimulating frequency (Fig. 4D-F Inhibition of P2X1 receptors eliminated action potentials during EFS (Fig. 3B and C) and slowed the rate of rise of EFS-induced force ( Fig. 2A and Aa). As expected from these results, inhibition of purinergic receptors with α,β-meATP-suramin prevented Ca 2+ flashes during stimulation and exposed Ca 2+ waves (Fig. 4A-C) . In the examples shown in Fig. 4 (Aa-d and Ba-d), Ca 2+ flash frequency increased and remained elevated after EFS up to 7 s before decreasing to pre-stimulus levels. However, following purinergic inhibition, in this case, Ca 2+ flash (APs) is plotted during and after EFS for control and after purinergic and muscarinic receptor inhibition. The number of action potentials was significantly decreased during stimulation with purinergic block and after stimulation with muscarinic block (C). The time to the first action potential was significantly increased when purinergic receptors are inhibited (D). * P < 0.05.
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activity persisted for a longer period of time and was much more robust compared to control ( Fig. 4A-C ; see online Supplemental movies 1 and 2).
To compare Ca 2+ flash activity in control and with muscarinic activation only (purinergic block), Ca 2+ flash activity was plotted graphically during and up to 20 s after EFS (Fig. 5A ). There were several striking differences in flash activity when P2X1 receptors were blocked. Ca 2+ flash activity during EFS was very high in control, but nearly absent when P2X1 receptors were inactivated (Fig. 5A) . In addition to eliminating flashes during stimulation, inhibition of purinergic receptors led to a robust increase in the number of flashes (2-fold) and the length of elevated activity following stimulation (Fig. 5A) Inhibition of muscarinic receptors greatly reduced action potentials following EFS (Fig. 3A and C) . Ca 2+ flash activity following EFS was also greatly reduced by atropine at stimulation frequencies from 10 to 30 Hz (Fig. 6A-C and E) . However, Ca 2+ flash activity during EFS was unchanged (Fig. 6D) , indicating that inhibition of muscarinic receptors did not alter purinergic-driven increases in excitability (see Supplemental movies 3 and 4). The block of Ca 2+ flashes by atropine following EFS indicates that Ca 2+ flashes (action potentials) are mediated through muscarinic activation. Atropine also significantly reduced Ca 2+ waves. Using paired experiments (10 Hz EFS), atropine reduced Ca 2+ waves by almost 90% (from 6.8 ± 2.3 waves cell −1 in control to 0.8 ± 0.8 waves cell −1 , P < 0.05, n = 4 strips). Inhibition of purinergic receptor function increased the number of EFS-induced Ca 2+ waves (4.4 ± 2.7 waves field −1 in control to 12.4 ± 4.7 waves field −1 with purinergic block, P < 0.05, n = 5 strips). In the presence of purinergic inhibitors, EFS induced Ca 2+ waves within 1 s, i.e. before the muscarinic-induced increases in Ca 2+ flashes. These results are consistent with rapid engagement of muscarinic receptors by nerve-evoked release of ACh, an elevation of InsP 3 and Ca 2+ waves during stimulation and a muscarinic-dependent delayed increase in excitability.
Discussion
Our results provide strong support for the concept that nerve-evoked release of ATP and ACh have different roles in shaping the contractile response of UBSM (Fig. 7) . In response to a 1 s stimulation, ATP acts rapidly through P2X1R channels to increase UBSM excitability (action potentials) and Ca 2+ entry (Ca 2+ flashes), which is responsible for the rapid upstroke of force. The excitatory actions of ATP also terminate rapidly, on cessation of stimulation. Nerve-evoked release of ACh also has a profound excitatory effect, but its actions occur slowly and last longer (Fig. 7) . Under the experimental conditions employed in this study, muscarinic-mediated increases in excitability started after stimulation and lasted 6-16 s. Loss of P2X1R functionality increased the muscarinic responses, as reflected in an elevation of frequency of Ca , 1 s) . Ca 2+ flashes typically show two episodes of activity, one during EFS, and the second peaking between 2-8 s following EFS (A, control). Inhibition of purinergic receptors (α,β-meATP-suramin, 10 μM each) nearly abolishes Ca 2+ flashes during EFS, but prolongs the second episode of Ca 2+ flashes following EFS. Ca 2+ flashes were obtained from paired experiments (4 preparations) in control and after inhibition of P2X1Rs (A). Similarly, when P2X1 −/− were compared to WT, Ca 2+ flashes during EFS were absent; however, the Ca 2+ flashes following EFS were greatly increased (B). Ca 2+ flashes were summed from 5 preparations (wild type) and 6 preparations (P2X1 −/− ).
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Mechanisms for the different time course of actions of nerve-evoked ATP and ACh
Nerve-evoked release of ATP acts rapidly to increase UBSM excitability because it activates an ion channel (P2X1Rs) to increase Na + and Ca 2+ entry causing an excitatory junction potential (Hashitani et al. 2000; Young et al. 2008) . Our results indicate that the purinergic effects dissipate rapidly upon cessation of stimulation, consistent with this mechanism. However, muscarinic-induced increase in excitability occurred after the cessation of stimulation (after 1 s, 10 Hz) and could last up to 16 s when purinergic signalling was inhibited. This response is consistent with ACh activating muscarinic (M 3 ) receptors and the engagement of slower second messenger pathways (InsP 3 and protein kinase C). We detected an atropine-sensitive increase in Ca 2+ waves, with purinergic receptors inhibited, during the first second of stimulation, suggesting that InsP 3 has been elevated within this time frame (Fig. 4C) . The mechanism by which muscarinic receptor stimulation increases UBSM excitability is not known. However, the muscarinic-driven increase in action potentials appears to be a major mechanism by which nerve stimulation increases contractility, and it appears to determine the duration of the force transient. In support of this, inhibitors of voltage-dependent Ca 2+ channels, which are responsible for Ca 2+ influx during an action potential, block nerve-evoked contractions of UBSM (Bo & Burnstock, 1990; Herrera et al. 2005) .
In addition to the release of ATP and ACh, EFS may release peptides and other substances that modulate the force transient in UB (Andersson & Arner, 2004) . For example, nitric oxide and calcitonin gene-related peptide are released from nerves and have a relaxing effect on UBSM (Andersson & Arner, 2004; Gillespie, 2005) . A relaxing action on the force transient would be difficult to detect without specifically inhibiting the release of these factors. Compounds that elevate force would probably play a minor role since the elimination of purinergic and muscarinic pathways essentially abolished the contractions elicited by EFS (Fig. 1Ac-Cc) . P2X1 receptor-deficient mice have normal bladder function (Mulryan et al. 2000) , and the muscarinic response to carbachol was not changed, suggesting that muscarinic receptor sensitivity and/or number are not altered (Vial & Evans, 2000) . Ca 2+ flash activity following stimulation is mediated through muscarinic receptors and is increased when purinergic signalling is absent (WT with purinergic receptors inhibited or P2X1 −/− mice). Increased Ca 2+ flash activity would elevate intracellular Ca 2+ and force generation.
Possible mechanisms underlying purinergic inhibition of the muscarinic response
Loss of P2X1R function leads to an increase in Ca 2+ flashes and duration of the force transient. The lack of a significant rise in action potentials, measured with microelectrodes, following purinergic receptor inhibition probably reflects the small number of action potentials that could be recorded from a single cell in a UBSM strip. In contrast, Ca 2+ flashes could be recorded simultaneously from a larger number of cells. A number of possible mechanisms could potentially explain the inhibitory effect of P2X1Rs on muscarinic-induced increases in excitability.
In the present study, it is unlikely that the purinergic receptor inhibition of the muscarinic response is mediated pre-synaptically. P2X1 receptors in urinary bladder are located in postsynaptic smooth muscle membrane (Vial & Evans, 2000) . The P2X1R inhibitory effects of P2X desensitizing agent (α,β-meATP) and antagonist (suramin) were the same as targeted disruption of the P2X1R gene (Figs 1, 2 and 5) . Moreover, these drugs had no effect on UBSM strips from P2X1R-deficient mice (Fig. 1) . These results suggest a postsynaptic mechanism through P2X1Rs.
ATP released from parasympathetic nerve varicosities rapidly activates P2X1R channels in UBSM membrane to cause Na + and Ca 2+ influx, membrane potential depolarization and action potentials (Fig. 3) (Hashitani et al. 2000) . The membrane potential depolarization and/or the increase in intracellular Ca 2+ could conceivably have inhibitory effects on subsequent muscarinic-driven increases in excitability. L-type voltage-dependent Ca 2+ channels are sensitive to membrane potential and Ca 2+ , and can be inactivated by membrane depolarization and increasing concentrations of intracellular Ca 2+ (Lacinova & Hofmann, 2005) as would occur during a burst of action potentials. The rapid membrane depolarization and onset of action potentials by purinergic receptor activation also activates voltage-and Ca 2+ -sensitive K + channels (K v , SK and BK channels), which could reduce subsequent membrane excitability (Fujii et al. 1990; Heppner et al. 1997; Hashitani & Brading, 2003a,b; Thorneloe & Nelson, 2003; Lacinova & Hofmann, 2005; Thorneloe et al. 2008) . It is also possible that other Ca 2+ -dependent processes may be involved in the suppression of muscarinic-mediated increases in excitability. These issues remain to be resolved by future studies. (Wegener et al. 2004) as well as normal mouse bladder tissue (Herrera et al. 2005) indicate that L-type Ca 2+ channels are critical for normal bladder function. We observed a muscarinic-driven increase in Ca 2+ waves during stimulation and an increase in Ca 2+ flashes following stimulation (Fig. 4C) .
Contribution of
Evidence that Ca 2+ waves play a minor role in generating force comes from studies using cyclopiazonic acid (CPA). CPA blocks Ca 2+ -ATPase and prevents Ca 2+ loading of the sarcoplasmic reticulum. If Ca 2+ waves, which represent the release of Ca 2+ from intracellular stores, contribute substantially to force we would expect force to be significantly decreased with CPA. However, in urinary bladder treated with CPA, force evoked by EFS was either unchanged (Munro & Wendt, 1994) or elevated (Ziganshin et al. 1994) , suggesting that Ca 2+ waves play a minor role in force generation.
Implications
ATP is co-released with ACh from parasympathetic nerves as well as with noradrenaline (norepinephrine) from sympathetic nerves (Burnstock, 1986 (Burnstock, , 1990 (Burnstock, , 2009 Westfall et al. 2002) . ATP acts on P2X1Rs to cause rapid excitation. Our results indicate that P2X1R effects could modulate both muscarinic and adrenergic effects on the postsynaptic cell. This influence is inhibitory for urinary bladder smooth muscle (this study), but it could also have a potentiating effect, as well, depending on the nature of the cell and mechanisms engaged. Our results also have a general implication for interpretation of the purinergic mechanisms to nerve-evoked force generation: A reduction of peak contraction by purinergic receptor inhibition can not be used to determine purinergic contributions, if P2X1R activation modulates subsequent muscarinic/adrenergic responses.
The interaction between excitatory pathways may be significant in light of the elevated purinergic and diminished muscarinic contributions in certain human bladder pathologies. In contrast to rodents, where muscarinic and purinergic pathways significantly contribute to force generation (Andersson & Arner, 2004) , nearly 100% of bladder contraction in normal human bladder is due to muscarinic activation (Hindmarsh et al. 1977; Sibley, 1984; Bayliss et al. 1999) . However, with some bladder pathologies, such as cystitis or overactive bladder, the atropine-resistant, purinergic component in human bladder increases dramatically and reaches 30-50% (Palea et al. 1993; Bayliss et al. 1999; O'Reilly et al. 2001) . Two common urological problems are overactive bladder, a condition where the detrusor contracts involuntarily during filling, and detrusor underactivity, a condition where bladder contractility is diminished. There is evidence that overactive bladder may be due to an augmentation of purinergic signalling (Palea et al. 1993; Andersson, 2003; Yoshida et al. 2004 ) while detrusor underactivity probably results from reduced force generated by the muscarinic pathway (Taylor & Kuchel, 2006) . Detrusor hyperactivity with impaired contractile function (DHIC) is a combination of detrusor overactivity and detrusor underactivity (Resnick & Yalla, 1987) . It is a common urodynamic finding and may occur in up to one third of incontinent nursing home residents (Resnick et al. 1989; Taylor & Kuchel, 2006) . Management of DHIC is difficult since antispasmodic anticholinergic medications that are commonly used to treat overactive bladder may worsen retention, whereas no effective pharmacotherapy exists for detrusor underactivity (Taylor & Kuchel, 2006) . The findings from the present study show that purinergic activation inhibits the muscarinic response in mouse urinary bladder. If a similar purinergic-muscarinic interaction occurs in human bladder, this mechanism could underlie or contribute to DHIC. If indeed the elevated purinergic component in human bladder pathologies was contributing to involuntary detrusor contractions as well as suppressing muscarinic force, inhibition of the purinergic response would not only decrease symptoms of purinergic-mediated overactive bladder, but also relieve the purinergic-mediated inhibition of muscarinic contraction. The development of therapeutics to target the purinergic response may hold promise to alleviate clinical symptoms of DHIC.
Conclusions
Nerve-evoked release of ATP and ACh leads to a rapid increase in excitability due to P2X1R activation and a slower and longer increase in excitability due to muscarinic receptor activation. As a consequence, P2X1Rs mediate the rapid rise in force and muscarinic receptor activation determines the duration of the force transient. In addition, P2X1R contributions to force generation are more significant at lower stimulation frequencies. We have also identified a novel, postsynaptic, modulatory mechanism by which P2X1R activation suppresses subsequent muscarinic-mediated increases in excitability and force generation. These results suggest the potential for postsynaptic modulation of excitability in other P2X-containing tissues because ATP is co-released with other Gq-coupled neurotransmitters (e.g. noradrenaline). Postjunctional modulation of neurotransmitter actions could alter target tissue responses, and may be involved in a number of clinical conditions (e.g. DHIC, cystitis, outlet obstruction, overactive bladder and detrusor underactivity).
